SYNOPSIS. Lampreys are one of just a few fishes which have a true (first or first type) of metamorphosis in their life cycle. In the sea lamprey (Petromyzon marinus), spontaneous metamorphosis is initiated when the size (length and weight), condition factor, and lipid stores reach appropriate levels and coincide with the postwinter rise in water temperature. The serum levels of the thyroid hormones, thyroxine (T 4 ) and triiodothyronine (T 3 ), drop dramatically at the onset of metamorphosis and metamorphosis can be induced with treatment of animals with the goitrogen, KC1O 4 , which also results in a decline in serum levels of thyroid hormones. The fact that thyroid hormone treatment can block spontaneous and induced metamorphosis is support for the view that thyroid hormones, particularly T,, operates like a juvenile hormone in lamprey metamorphosis; this view is counter to the role of thyroid hormones in metamorphosis of other vertebrates. The monodeiodinase pathways, whereby T 4 is converted to T 3 or to the biologically inactive reverse T, and even further degradation of T 3 , may be a significant mechanism directing metamorphic change. Lamprey metamorphosis is facultative in that it is initiated or inhibited depending upon the coordination of a complex integration of environmental, metabolic and hormonal cues. Thyroid hormones do not regulate lamprey metamorphosis in the sense observed in other vertebrate metamorphoses but they are important to the developmental process. Some of the features of the involvement of thyroid hormones in lamprey metamorphosis may be related to the presence of the endostyle in larvae which in turn reflects the ancient origins of this vertebrate and perhaps the conservation of an ancient method of induction of metamorphosis. Some clue for other factors which initiate lamprey metamorphosis may come through the examination of inducers of metamorphosis in lower chordates.
INTRODUCTION
metamorphic events (for review see YouMetamorphosis is a term that has been s o n ' 1988 >-The m o s t r e c e n t attempt to deused rather loosely by fish biologists to de-fine metamorphosis in fishes distinguishes scribe both a major and a minor transfer-between a first (true) and a second metamation of larval phenotypic characters into morphosis or a first and second type of those of adults. Encompassed within this metamorphosis (Youson, 1988) . The second term is every structural transformation or metamorphosis or the second type is usutransition from a postembryonic period ally restricted to events related to final sexwhich ultimately prepares the animal for ual maturation and involves the full expreslife as a sexually mature adult. For exam-sion of adult genes involved in reproducple, the migration of eyes in larval flatfishes tion. Posthatched individuals closely resem-(Pleuronectiformes), the continued ossifi-ble the adult phenotype and follow a direct cation of the skeleton in fry (e.g., the scup, developmental path to second metamorphoSparidae), and parr-smolt transformation sis. A first metamorphosis or first type is (e.g., salmonids) have been considered as only found within fishes which follow indirect development, that is, when a major 1 From the Symposium Developmental Endocrinol-ontogenetic phase is required in the transogy of Non-Mammalian Vertebrates presented at the formation of the free-living larval phenoAnnual Meeting of the Society for Integrative and m ^ m a r k e d l y different phenotype Comparative Biology, 26-30 December 1996, at a second metamorphosis before they can reproduce. The present review is concerned only with the first type of metamorphosis and, in fishes, this type is restricted to Anguilliformes, Elopiformes, Notacanthiformes, Pleuronectiformes among Class Osteichthyes and to Petromyzontiformes among the Agnatha. As in amphibian metamorphosis (Galton, 1988) , the events of a first metamorphosis in fishes (Inui et al., 1994) are under the influence of thyroid hormones. This latter information has primarily come from investigations of the flounder, Paralicththys olivaceus, where treatment with exogenous thyroxine (T 4 ) or triiodothyronine (T 3 ), induces precocious metamorphosis (Inui and Miwa, 1985) . The greater potency of T 3 compared to T 4 in inducing metamorphosis in the flounder (Miwa and Inui, 1987a ) is consistent with the findings with inducement of precocious metamorphosis in anuran amphibians (Kikuyama et al., 1983) . Evidence to date on other osteichthyes which undergo a first metamorphosis, such as in the conger eel (Kitajima et al., 1967; Yamano et al., 1991) , show a pattern similar to that of the flounder during its spontaneous metamorphosis. The thyroid gland of these fish is most active during metamorphic climax (Miwa and Inui, 1987ft) and is accompanied by the highest levels of thyroid hormones, particularly T 4 , within the whole body (Miwa et al., 1988; Tagawa et al., 1990) . The parallel of flounder metamorphosis with the event in anuran amphibians was further evident following studies with the effects of prolactin and cortisol and the involvement of a pituitary-thyroid gland axis in this process (Inui et al., 1994) . Given this consistency of hormonal control of vertebrate metamorphosis, it would be surprising if metamorphosis in the other osteichthyes, and in Petromyzontiformes, was not directed by a pituitary-thyroid axis with target tissues responding to thyroid hormones. This review summarizes past and recent efforts to demonstrate how the thyroid system of the petromyzontiforme, the lamprey, is implicated in its metamorphosis. It will be shown that, although the thyroid system is involved in lamprey metamorphosis, the mode of action may be unique among the vertebrates.
LAMPREY LIFE CYCLE
Lampreys are jawless fishes (agnathans) and are placed within three families: Petromyzontidae in the northern hemisphere, and Geotriidae and Mordaciidae in the southern hemisphere. All lamprey species have a larval (ammocoete) period containing a growth phase of variable duration (3-7 yr), during which the animals are burrowed in the soft sediment of streams and filter feed on primarily detritus. The growth phase it followed by a metamorphic phase of 3-4 months, during which the larva transforms into a juvenile. Metamorphosis has been classified into seven stages (1, earliest to 7, latest; and there are major changes to external and internal features. Included in these events are: the final development of the eye; the loss of bile ducts and the gallbladder; the transformation of the epithelium in the intestine, gills and endostyle; the total regression of the larval kidney; the development of an adult kidney; the development of teeth and the tongue (piston) needed for adult feeding (Youson, 1980 (Youson, , 1988 . There are two life history strategies among adult lampreys (Hardisty and Potter, 1971) . Following the completion of metamorphosis, juveniles of nonparasitic species almost immediately commence sexual maturation and will eventually spawn and die without ever feeding as adults. In contrast, newly metamorphosed juveniles of parasitic species must feed on the blood, body fluids or tissues of a teleost host for at least one year before commencing their sexual maturation. The general events of both the first and second metamorphosis in nonparasitic and parasitic species appear to be identical.
ENDOCRINE CONTROL OF LAMPREY METAMORPHOSIS:
HISTORICAL PERSPECTIVE It was the recognition of a metamorphosis in the former genus Ammocoetes and its development into an adult lamprey (Miiller, 1856 ) that lead to the present view of the complexity of the lamprey life cycle. In 1879, Schneider noted that the larval en- There is no evidence of hypothalamic or pituitary control of either the larval endostyle, the transforming endostyle or the adult follicular thyroid. Thyroxine (T 4 ) and possibly triiodothyronine (T 3 ) synthesized in the endostyle and thyroid gland enter the blood (or perhaps the gut lumen from the endostyle) where they gradually increase in concentration during larval life and are present in lesser concentrations in adults.
Metamorphosis is characterized by a sharp drop in serum levels of T 4 and T 3 . The intestine is the primary site for monodeiodination of T4 and T3 but different pathways dominate different parts of the life cycle. T 3 nuclear receptors in hepatocytes have a markedly higher affinity in larvae and metamorphosing animals than in adults. T2, diiodothyronine; rT 3 , reverse T 3 ; T 4 ORD, T 4 outer-ring (5') deiodination; T 4 IRD, T 4 inner-ring (5) deiodination; T 3 IRD, T 3 inner-ring deiodination.
dostyle (subpharyngeal gland) undergoes a transformation to a thyroid gland with follicles and Marine (1913) recognized that this process began before any significant external modifications. Following the report by Gudernatch (1912) that feeding tadpoles with extracts of thyroid glands initiates metamorphosis in anurans, there were a few attempts to induce metamorphosis in ammocoetes. Horton (1934) immersed ammocoetes in various compounds containing iodine and injected thyroid extracts before concluding that the thyroid gland has no involvement in metamorphosis. Sterba (1953) was unable to retard metamorphosis by removing the endostyle and injections with thyroxine could not stimulate the event (Leach, 1946) . Earlier, Young and Bellerby (1935) and Knowles (1939 Knowles ( , 1941 came to a conclusion that there was no hypophysial control in lamprey metamorphosis after injections of anterior pituitary extracts failed to produce metamorphosis in larvae. The first encouragement that the thyroid gland may be involved in lamprey metamorphosis came when Sterba and Schneider (1961) and Hoheisel and Sterba (1963) reported that immersion of ammocoetes in the goitrogen, potassium perchlorate (KC1O 4 ), resulted in precocious metamorphosis. Since this approach is counter to the view of the trigger to amphibian metamorphosis, it is unclear as to why antihyperthyroid treatment with a goitrogen was applied. However, that this approach was ingenious, was confirmed much later when Wright and Youson (1977) showed that the initiation of metamorphosis in the anadromous form of the sea lamprey {Petromyzon marinus) is characterized by a sharp drop in serum concentrations of T 4 (Fig 1) . Subsequently (Lintlop and Youson, 1983a) , serum concentrations of T 3 were shown to drop sharply in the early metamorphoses of the sea lamprey and the nonparasitic brook lamprey, Lampetra lamottenii {appendix). A study on another brook lamprey, Lampetra reissneri, confirmed the effectiveness of the treatment with KC1O 4 , when induced metamorphosis in this species was accompanied by a drop in serum levels of T 4 (Suzuki, 1986) . At this point it appeared that the in-duction of lamprey metamorphosis might be initiated by a suppression of a hyperthyroid condition but Leatherland et al. (1990) were unable to induce metamorphosis in the southern hemisphere lamprey, Geotria australis, with propylthiouracil, despite the decline in serum levels of T 4 and T 3 .
Pituitary hormones, such as prolactin and thyrotropin (TSH), and corticosteroids from the adrenocortical homolog (interrenal) have an effect on metamorphosis in both amphibians and flounders (Dent, 1988; Inui et al, 1994) . Although TSH operates directly on the thyroid gland to stimulate synthesis of thyroid hormones, prolactin and corticosteroids operate in conjunction with principally T 3 on target tissues (Kaltenbach, 1996) . The antagonistic effects of prolactin and the mainly synergistic effects of cortisol, have been demonstrated in metamorphosis of flounder (de Jesus et al, 1990) .
There are only fragmentary and indirect data on the involvement of extrathyroidal endocrine tissues and their hormones in lamprey metamorphosis. For example, there are some morphological changes to the anterior pituitary during lamprey metamorphosis (van de Kamer and Schreurs, 1959; Percy et al., 1975; Wright, 1989) . Furthermore, experiments using partial hypophysectomy of immediately premetamorphic larvae (Joss, 1985) and ultrastructure of the pituitary of metamorphosing individuals (Wright, 1989) suggest that putative thyrotrophs, somatotrophs and gonadotrophs may be playing an important role at this time. However, it is far from clear whether these cell types even exist in lampreys. The only cell types that have been recognized by homologous antisera in nonmetamorphosing lampreys are cells synthesizing posttranslation products of proopiomelanocortin Nozaki et al., 1995) . Sterba (1955) described a rapid period of growth of presumptive adrenocortical tissue (PAT) at the beginning of lamprey metamorphosis. There appears to be morphological changes in the cells of PAT (Ellis, 1993) and an increase in activity of the key enzyme 3p-hydroxysteroid dehydrogenase (Seiler et al., 1981) at this time. However, there is no clear definition of the types of corticosteroids produced by larval or metamorphosing lampreys, only that there is immunoreactivity for corticosterone and cortisol (Dashow et al., 1984) . Gonadal steroids have not been examined during lamprey metamorphosis, although we do know that the concentrations of lamprey gonadotropin-releasing hormones (GnRH), GnRH-I and -III, increase during the middle and later stages of this event (Youson and Sower, 1991; Wright et al, 1994; Tobet et al, 1995; Youson et al, 1995a) .
A key event in lamprey metamorphosis which could potentially affect circulating levels of thyroid hormones takes place in the larval endostyle (Fig. 1 ). This gland in larvae resembles the gland of the same name which is present in protochordates (Barrington and Sage, 1972) . This endostyle or subpharyngeal gland consists of many glandular tracts but also specific epithelial cells lining the lumen which are capable of binding iodine and are immunoreactive to antisera against mammalian thyroglobulin (Wright and Youson, 1976; Wright et al, 1978) . The iodine binding and the thyroglobulin immunoreactivity can be followed through metamorphosis (Wright and Youson, 1976; Wright et al, 1980) and some of cells undergo a major reorganization (Wright and Youson, 1980a) into thyroid follicles with colloid. The iodine binding and thyroglobulin immunoreactivity is eventually restricted to these follicles. This process of transformation is initiated early (stage 1 and 2) in metamorphosis and by stage 5, about the midpoint in time of the entire process, the endostyle is almost completely replaced by follicles (Wright and Youson, 1980a) . The capacity for thyroid hormone synthesis in the transforming endostyle during this time has not been studied.
ENVIRONMENTAL AND METABOLIC CUES
The above attempts to elucidate the role of the endocrine system in lamprey metamorphosis have avoided the fact that there may be other factors which are important to this process. For instance, Potter (1970) had shown that the incidence of metamorphosis in Mordacia mordax, another parasitic form of lamprey in the Southern Hemisphere, is greatly influenced by environ- (Purvis, 1980) . Furthermore, since pinealectomy blocked metamorphosis in the brook lamprey, Lampetra planeri (Eddy, 1969) , the photoperiod may be an environmental cue. However, one of the biggest factors to be considered in experimental investigation into lamprey metamorphosis of all species, is that not every animal of the same length (which is used in age determination) will enter metamorphosis in the same year. This last fact can have a very significant influence on the results of any investigation where manipulation of metamorphosis is an objective. In the following section is a description of our recent attempts to deal with the other potential factors which might influence our investigations into the role of thyroid hormones in lamprey metamorphosis (Fig. 2) . Metamorphosis in lampreys is a highly synchronous event occurring at the same time each year (Potter, 1980) . This feature has been best illustrated in sea lampreys in North America where metamorphosing individuals in both the anadromous and landlocked forms first appear in early July (Potter et al., 1978) . The postwinter rise in stream temperatures and the increased daylight have been implicated in this synchrony (Potter, 1980) . Although subsequent studies have confirmed the important role of temperature in this synchrony, the role, if any, of photoperiod is still not clear. Moreover, these earlier studies noted that metamorphosing animals were heavier than nonmetamorphosing animals of similar length (Potter et al, 1978) . The explanation for the higher mass in metamorphosing animals was the large amount of lipid which was stored in various body tissues to prepare them for the energy demands of development in this nontrophic phase of the life cycle . It was noted that animals that had entered metamorphosis had a higher condition factor (CF = weight (g)/length (mm) 3 X 10 6 ) than nonmetamorphosing animals of similar length (Potter et al., 1978) . Subsequently, we used the size (length and weight) and CF in conjunction to identify immediately premetamorphic animals from anadromous sea lampreys which were most likely to enter metamorphosis. This preselection of immediately premetamorphic sea lampreys was used in a study of the effects of pinealectomy on the incidence of metamorphosis which concluded that the pineal complex is important for metamorphosis (Cole and Youson, 1981; Youson, 1994) . The conditions of this experiment (total darkness vs ambient light), and those in a longer-term laboratory project with similar conditions , also lead to a conclusion that photoperiod did not seem to be a significant factor in metamorphosis. However, we have yet to undertake the definitive experiment where cumulative hours of light exposure have been carefully controlled, perhaps from embryogenesis to immediately premetamorphic adults or even after the larvae have reached their critical length. Until these crucial experiments are carried out, we cannot totally rule out the involvement of photoperiod in lamprey metamorphosis.
It is now well documented that an essen-tial environmental cue to initiate spontaneous metamorphosis in sea lampreys is the spring rise in water temperature from the cool water of the winter . However, it is the rise in the temperature (Fig. 2) and not the magnitude of the rise which seems to be the critical feature . Our most recent experiments indicate that following the winter low, 21°C is the optimal water temperature for metamorphosis in sea lampreys (Holmes and Youson, unpublished data) . The preceding experiments on sea lampreys have been possible because we have been able to preselect immediately premetamorphic sea lampreys in the Great Lakes region as being, in May or June, at least 120 mm and 3.0 g and having, in conjunction, a CF of >1.50 . Since serum levels of T 4 and T 3 in larvae show a variation in their reponse to changing temperature (Wright and Youson, 19806; Lintlop and Youson, 1983a; Youson et al, 1994) , this environmental factor should also be considered in any experimental protocol. The most ideal conditions for working with spontaneous metamorphosis in sea lampreys of the Great Lakes region is to use larvae no later than the middle of June which are at least 120 mm, 3.0 g and have a CF of at least 1.50 (Fig. 2 ). These larvae should be fed and permitted to burrow, kept in an ambient photoperiod, and under conditions which culminates in a rise in water temperature to 21°C (Fig. 2) . Immediately premetamorphic and early metamorphosing sea lampreys have 13.5% of their wet body weight in lipid reserves compared to values of 4% in nonmetamorphosing larvae (Lowe et al., 1973) . This hyperlipexia is an essential feature of premetamorphosis without which spontaneous metamorphosis will not take place. Whether there is a cue to metamorphosis from the accumulated lipid or from the tissues containing the lipid, is not known. This lipid is mobilized, perhaps by the changes in hormone status, during metamorphosis and involves several organs, tissues and enzymes (O'Boyle and Beamish, 1977; Kao et al, 1997a, b) . Just as lipogenesis is a critical premetamorphic event, lipolysis of the stored lipid is critical to the survival of the metamorphosing animals. Since thyroid hormones exert a lipolytic effect in fishes (for review see Leatherland, 1994) and metamorphosing lampreys do not feed but instead rely on their lipid stores, the interrelationship between lipid metabolism and the thyroid system is of fundamental importance to the total understanding of this late stage of ontogeny in lampreys.
THYROID HORMONES AND LAMPREY METAMORPHOSIS: RECENT DIRECTIONS
The universality of a decline in thyroid hormones as a characteristic feature of lamprey metamorphosis was provided by a study of metamorphosing larvae of G. australis in the Southern Hemisphere (Leatherland et al, 1990) and of landlocked sea lampreys of the Great Lakes . In the latter study, thyroid hormone concentrations of larval sera were noted to be affected by water temperature and, for the first time, it was shown that there is a progressive increase in concentrations of both T 4 and T 3 over the course of larval life (Figs. 1, 2 ). This increase in serum concentrations of thyroid hormones with larval size (and perhaps age) was also shown in a subsequent study (Youson et al., 1995b) . Although PTU failed to induce metamorphosis in G. australis, serum concentrations of thyroid hormones were depressed relative to controls (Leatherland et al, 1990) . We have found a similar PTU response on two occasions with different populations of sea lampreys (Holmes and Youson, unpublished data) but Suzuki (1986) claimed that both PTU and thiouracil treatment of larval L. reissneri resulted in complete metamorphosis. However, when KC1O 4 of two concentrations was applied for 117 days to larval sea lampreys of three different year classes at a time of the year when metamorphosis does not occur, and at a relatively constant water temperature, precocious metamorphosis occurred in all classes . There was a size-dependent incidence of metamorphosis: 65-95 mm (22%), 110-119 mm (52%), and >130 mm (98%). Since the minimum size was 84 mm and 0.71 g and the mean CFs ranged between 1.22-1.27 for the metamorphosing animals, the necessary requirements of spontaneous metamorphosis such as minimum size and CF (120 mm, 3.0 g, 1.50 CF), lipid storage, and a rise in water temperature are not prerequisites in KClO 4 -induced metamorphosis. The primary difference from spontaneous metamorphosis was that KClO 4 -induced metamorphosis resulted in asynchronous development of external body characters which was most greatly manifested in the metamorphosing animals of the smallest size groups. The smaller incidence of metamorphosis in the lowest size groups could be due to the fact that some important factors, such as lipid reserves, have not been adjusted to a required level due to the shorter larval life in these individuals. Alternatively, a certain sustained period of high levels of circulating thyroid hormones may be required to adjust aspects of metabolism before the fall in these hormones can have their effect.
KC1O 4 treatment resulted in depression in serum levels of both T 4 and T 3 in metamorphosing and nonmetamorphosing sea lampreys (Youson et al., 1995b) . The degree of decline in serum T 3 concentrations from control values (91-95%) was equivalent to that observed during spontaneous metamorphosis but this was not the case with serum levels of T 4 where only a statistically insignificant 18-22% difference was noted between controls and metamorphosing animals of > 130 mm. Whereas the 27-32% depression of T 4 from control values in two smaller size groups was significantly different, it did not match the 74% decline reported for spontaneous metamorphosis. Previously, a depression of serum T 4 was noted in KC1O 4 -treated L. reissneri (Suzuki, 1986) . In other vertebrates, KC1O 4 is believed to act directly on thyrocytes of the thyroid gland by blocking iodide transport into these cells and thus inhibiting iodination of tyrosine (Carrasco, 1992) . Since the lamprey endostyle binds iodine (Wright and Youson, 1976) , this goitrogen may operate in a similar manner on the lamprey endostyle and the result is suppression of the synthesis of thyroid hormones which ultimately leads to the induction of metamorphosis.
The results of the above studies with KC1O 4 raised a number of questions which have directed our present research. How important is the serum concentration of thyroid hormones to the response of animals to the KC1O 4 treatment and the induction of metamorphosis? For instance, would the artificial elevation of T 4 and/or T 3 in the sera of smaller animals prior to treatment increase the incidence of metamorphosis? Does KC1O 4 induce metamorphosis through some extrathyroidal action? Is there any relationship between two features of KC1O 4 -induced metamorphosis, that is, that serum T 4 does not decline as markedly as in spontaneous metamorphosis and that the animals show an asynchronous development? Could these differences between spontaneous and induced metamorphosis be due to differences in the peripheral conversion of T 4 to T 3 in the two metamorphoses? Since a decline in thyroid hormones is a characteristic of both spontaneous and induced metamorphosis in lampreys, would the artificial maintenance of serum levels of thyroid hormones block these two metamorphoses? If KC1O 4 operates in an antithyroid-gland capacity to induce metamorphosis in lampreys, is there an endogenous equivalent which operates in a similar manner in spontaneous metamorphosis? Leatherland et al. (1990) showed that the exposure of larvae of G. australis to T 3 in the water resulted in the elevation of serum concentrations of this hormone to levels twice those of controls. Although the method of uptake of exogenous thyroid hormones by lampreys has never been investigated, enteric absorption is the likely route. Recently, Eales (1997) has theorized on the importance of available exogenous thyroid hormones, or even iodotyrosines, iodohistidines and other iodocompounds, in the phylogenetic development of the thyroid gland and thyroid-related functions. Given the ancient history of lampreys, this ability to take up exogenous thyroid hormones by larvae may be a reflection of a phylogenetic development of the thyroid gland which began with the acquisition of thyroid hormones or related compounds through ingestion and lead, through selection pressure, to endogenous thyroid hor- mone production following the development of organs or tissues capable of performing this function. The fact that larval sea lampreys can also readily take up exogenous thyroid hormones (Fig. 3) has been of value to research on the role of these hormones in lamprey metamorphosis. In an earlier study it was noted that animal size may be an important factor in a response to induced metamorphosis , and this feature was further explored in sea lamprey when larvae, in the 100-119 mm size range, were exposed to exogenous T 4 and T 3 , in the presence and absence of KC1O 4 , for 4-24 weeks (Manzon and . Controls consisted of untreated and KClO 4 -treated larvae. The objective was to see if there is a relationship between the observed decline in serum concentrations of thyroid hormones and the incidence of metamorphosis following KC1O 4 treatment. The only metamorphosis occurred in the group treated solely with KC1O 4 and this metamorphosis was accompanied by the expected decline in serum levels of both thyroid hormones. T 4 treatment, with or without KC1O 4 , resulted in serum T 4 concentrations which were 1.2 to 58 times higher than controls in most sampling periods. In contrast, following T 3 treatment alone serum levels of this hormone were only elevated over untreated controls in 50% of the cases but, when T 3 was administered in conjunction with KC1O 4 , serum T 3 concentration was significantly elevated over that of KClO 4 -treated animals. A subsequent study of this nature on larger animals which met the size criteria of immediately premetamorphic larvae in the Great Lakes (at least 120 mm, 3.0 g), but used in the Fall preceding their spontaneous metamorphosis, has shown that both T 4 and T 3 treatment can block KC1O 4 -induced metamorphosis (Manzon and Youson, unpublished data) . These results indicated that the decline in serum concentrations of both T 4 and T 3 in KClO 4 -induced metamorphosis is likely an essential factor contributing to induction.
The question then arises as to the importance of the decline in serum levels of thyroid hormones to spontaneous metamorphosis. That is, is the characteristic decline a consequence of the initiation of the event or is it a primary trigger in the initiation? Artificial maintenance of serum concentrations of thyroid hormones in immediately premetamorphic or in early metamorphic lampreys might compensate for any programmed decline and inhibit or retard the process. To test this possibility, in either May or June immediately premetamorphic lampreys, fitting the selection criteria for the Great Lakes region (at least 120 mm. 3.0 g, <1.50 CF, Fig. 2 ) and most likely to enter spontaneous metamorphosis in July of that year, were exposed to either T 4 or T 3 for several months . Results showed that T 4 treatment does not alter the incidence of spontaneous metamorphosis. In contrast, T 3 treatment had a substantial effect on the incidence but did not block metamorphosis in all individuals. Profiles of the serum concentrations of these two hormones, under conditions of continuous treatment of animals with either T 4 or T 3 , revealed that treatment did not prevent some decline in serum thyroid hormone concentrations in metamorphosing animals relative to those in treated, nonmetamorphosing animals. However, in many cases the treated animals, whether metamorphosing or not, had higher serum thyroid hormone concentrations than untreated control larvae. Thyroid hormone treatment over the short term seems to slow metamorphic change and over the long term results in asynchronous development. It was concluded that if the decline in serum levels of thyroid hormones is an initiator of lamprey metamorphosis, the magnitude of the decline is probably not a contributing factor.
In summary, there is a fundamental difference in the manner in which exogenous thyroid hormones interact with the developmental processes in induced and spontaneous metamorphosis in lampreys. Why does T 4 inhibit KClO 4 -induced metamorphosis but not spontaneous metamorphosis? Why does T 3 not inhibit spontaneous metamorphosis in all animals? The answers to these questions may be found in the peripheral regulation of thyroid hormones. The manner in which KC1O 4 and its endogenous equivalent in spontaneous metamorphosis influence extrathyroidal treatment of T 4 and T 3 may have contributed to varied responses of the two thyroid hormones. The peripheral regulation of thyroid hormones in lampreys is discussed in the following section.
FUTURE DIRECTIONS
In all of our studies to date, where we have measured serum levels of thyroid hormones after treatment of larvae or metamorphosing animals, data suggest that T 4 is a prohormone, that the serum levels of T 3 are important to metamorphosis, and that monodeiodination of thyroid hormones is likely playing a significant but yet, unknown, role in lamprey metamorphosis. We have just begun to explore the monodeiodinase system in sea lampreys during their life cycle, including during metamorphosis. Leatherland et al. (1990) noted insignificant monodeiodinase activity during larval life but its presence in the liver during the metamorphosis of G. australis. We have shown (Fig. 1 ) in larval sea lampreys that the intestine is the primary site of T 4 outer-ring 5'-monodeiodination (T 4 ORD), which results in the conversion of T 4 to T 3 , although T 4 ORD is also present in liver, kidney and muscle . In upstreammigrant (prespawning) adults, T 4 ORD activity in the intestine was only slightly lower than that of larval intestine but this organ was still the primary site of activity. No T 4 ORD activity was present in the adult liver but it was still found in muscle and kidney. The major difference in the peripheral regulation of thyroid hormones between larval and adults was the presence of T 4 inner-ring 5-monodeiodination (T 4 IRD) and T 3 inner-ring 3-monodeiodination (T 3 IRD) in adults but not larvae. There was no T 3 outer-ring pathway (T 3 ORD) in either life cycle period. These findings suggest that postmetamorphic sea lampreys have greater potential for the conversion of T 4 to the biologically inactive reverse T 3 through the T 4 IRD pathway. Furthermore, there is potential in adults for further degradation of the iodinated thyronines (T 3 to T 2 ) through the T3IRD pathway. If there is reduced activity of the T 4 ORD pathway and the addition of T 4 IRD and T 3 IRD during metamorphosis, this may partially account for the decline in serum levels of both T 4 and T 3 at this time. We are presently examining monodeiodinase activity during induced and spontaneous metamorphosis. Some preliminary data from spontaneous metamorphosis indicate little change in T 4 ORD from larval values (Fig. 1) . However, T 4 IRD is present at stage 3 (and perhaps earlier), gradually increases in activity to stage 6, and then rises sharply between stages 6 and 7. This provides the mechanism whereby T 4 would be converted to reverse T 3 (Eales and Youson, unpublished data) . In light of the absence of evidence for hypothalamic-pituitary control of thyroid hormone secretion from the larval endostyle (Fig. 1) , the monodeiodination pathways may be regulated to control tissue supplies of T 3 .
Another research direction which could lead to an explanation for the decline in serum levels of T 4 and T 3 during lamprey metamorphosis is whether there is a change in the nature of thyroid hormone receptors (TR) in thyroid hormone-targetted tissues. Lintlop and Youson (19836) examined the binding capacity of T 3 to isolated hepatocyte nuclei from sea lampreys at various periods of their development (Fig. 1) . The binding of T 3 to nuclei in larvae is of high affinity. Although the highest binding capacity was found at metamorphosis, the value was not significantly different from that in larvae. On the other hand, T 3 -binding capacity in adults was significantly lower than in earlier periods in the life cycle. To date, no other organ or tissue in lampreys has been examined for the presence of TR. TR in all vertebrates exist as two structurally similar isoforms, a and (3, which are encoded by two genes (Tata, 1996) , but TR have not been characterized in lampreys. However, we have recently obtained a genomic clone containing fragments of both TRa and TRp, indicating that the two TR genes that are found in most vertebrates are also present in lampreys (Laudet et al., unpublished data) . The cDNAs of these TRs are now being characterized and ultimately we plan to compare expression of the two genes in various tissues undergoing metamorphic change. Studies of TRs in anuran amphibians have shown an upregulation of TR3 mRNAs during their metamorphosis which can be directly related to circulating levels of thyroid hormone (Tata, 1996) .
The above experimental studies, where we have applied a goitrogen or thyroid hormones to larval and/or metamorphosing lampreys to manipulate metamorphosis, undoubtedly placed the animals under conditions which they never would encounter under normal circumstances. However, the same can be said for the inducement of precocious metamorphosis in other vertebrates. We have no idea what additional effects these treatments had both within and outside of the putative hypothalamic-pituitarythyroid axis. We do not know what function thyroid hormones play in the general metabolic activity of a larval lamprey and there is no direct evidence that there is negative or positive feedback of these hormones to the higher centres in an endocrine axis (Fig.  1) . We have assumed, for the present, that KC1O 4 acts on the endostyle with the ultimate result being the lack of production of thyroid hormones, principally T 4 . We are in the process of examining the effect of KC1O 4 on iodine-binding capacity in the larval endostyle, both in vitro and in vivo. However, it is also possible that KC1O 4 acts extrathyroidally, perhaps initiating metamorphosis through its toxic effects, i.e., the animal is driven to metamorphose as a response to toxic stress and a consequence of the initiation is a drop in serum levels of thyroid hormones. This possibility seems unlikely in light of the fact that exogenous thyroid hormone treatment can block KClO 4 -induced metamorphosis , for this would imply that thyroid hormone can counter the toxicity of this goitrogen. On the other hand, if KC1O 4 acts on extrathyroidal tissues to activate different monodeiodinase pathways, then the exogenous thyroid hormones could counter the activation of T 4 IRD and T 3 IRD monodeiodination. What we do know is that KC1O 4 induces a hypothyroid state which is also typical of the initial stages of spontaneous metamorphosis. After four weeks of exposure to KC1O 4 , serum levels of both T 4 and T 3 are both significantly below those of untreated larvae even though external features of metamorphosis are not apparent . We are uncertain how closely the action of KCIO4 mirrors that which triggers the metamorphic process or that which results in the decline in serum thyroid hormone levels during spontaneous metamorphosis.
We already know that there is at least one factor, i.e., rise in temperature, outside any endocrine axis that contributes to metamorphosis, but there are likely other internal factors which must be explored. The importance of lipid stores to the immediate premetamorphic state in sea lampreys is well documented (Kao et al., 1997a, b) and, although thyroid hormones are implicated in lipid metabolism in fishes (for reviews, see Leatherland, 1994) , this has to be proved in lampreys. In addition, there are other hormones related to lipid metabolism {e.g., somatostatin, insulin) that need to be considered. Somatostatin is a particularly interesting hormone for future study in lampreys, for its relationship to the thyroid system and metabolism in fishes has been investigated (Leatherland, 1994) . As serum levels of thyroid hormones decrease in lamprey metamorphosis, concentrations of somatostatin increase in panceatic-intestinal extracts (Elliott and Youson, 1991) . The antisomatotrophic properties of somatostatin would also be of relevance to slow or arrested growth (Fig. 2) which is often equated with an immediately premetamorphic lamprey (Potter, 1980) . At the same time, somatostatin may be important to these animals while they are undergoing lipogenesis to prepare for their nontrophic metamorphic phase. On the other hand, growth-stimulating properties of insulin or insulin-likegrowth factor (IGF-I) also may be considered in the same contexts . In salmon, hepatic IGF-I mRNA levels can be correlated with serum levels of T 4 during smoltification .
One area of endocrine research in lamprey metamorphosis which has received no attention is whether corticosteroids and prolactin play any synergistic or antagonist role in the action of thyroid hormones. These hormones are strongly implicated in amphibian and flounder metamorphoses (Inui et al., 1994; Galton et al, 1994; Hayes, 1997 ). Since we are looking for an endogenous equivalent to the antihyperthyroid action of KCIO 4 , we chose to look at the action of prolactin because of its antimetamorphic effect in flounders (de Jesus et al., 1990) . As prolactin antagonized the metamorphosis-inducing effect of T 3 in flounders, maybe prolactin would antagonize the larval-inducing effect of T 3 in lampreys and result in metamorphosis. The first step was to see if prolactin administration can alter normal and enhanced serum levels of thyroid hormones. Two groups of ten animals received weekly interperitoneal injections of one of two dosages (7.2 |xg or 14.4 |xg in 20 [x\ in 0.6% saline) of ovine prolactin for four weeks, while a third group received 14.4 (xg prolactin with T 4 (L-thyroxine, Sigma, 5 mg/liter) in the water over the same period. Controls consisted of an untreated group, a second which received 20 |xl of saline, and another group which received 20 u.1 of saline with T 4 (5 mg/liter) in the water. All six groups (mean length 108 mm, mean weight 1.94 g) were housed in aquaria containing a sand substrate and dechlorinated water with a mean temperature of 16°C, were subjected to 15L:9D photoperiod, and were fed baker's yeast once/week. Four days after the last injection, anaesthetized animals (MS-222) were bled by caudal severance, and serum levels of T 4 and T 3 were measured by radioimmunoassay using the methods described elsewhere . The data were statistically analyzed (Fig.  3) . Under the conditions of this experiment we did not expect metamorphosis, but we also saw no effect of prolactin on serum levels of either T 4 or T 3 . There was a significant elevation of serum levels of T 4 following exogenous T 4 exposure but prolactin injection did not alter the uptake of this hormone into the serum. Serum levels of T 3 only showed a significant decline following the injection procedure, i.e., the T 3 level in the untreated control group was higher than that in any other group. The results of this study do not totally rule out the possible activity of prolactin in lamprey metamorphosis, since we did not measure the serum levels of this hormone and we used a heterologous prolactin. To date, lamprey prolactin has not been identified. An analysis of serum for thyroid hormones shortly after prolactin injection might also be important for future investigations. It is quite possible that lamprey metamorphosis is triggered by some endogenous factor or by a mechanism which has never been described in a vertebrate. For example, it was mentioned above that alteration in the monodeiodinase pathways may be an important regulator of lamprey metamorphosis. The manipulation of metamorphosis, such as through goitrogen and/or thyroid hormone administration, to identify the causative agents may be confusing the issue. The possibility that there may be some unidentified (or known but unexpected) hormone, metabolic factor or mechanism which stimulates gene expression does not seem far-fetched if one considers the long history of lampreys and that they are linked to some of the earliest of vertebrates Janvier, 1993, 1994) . Thus the exploration for presently, unknown factors which may be upregulated or downregulated during lamprey metamorphosis is an important consideration. To this end, we are using Northern blotting and differential expression of mRNAs from pituitaries of larvae and animals at different stages of metamorphosis. The procedure is a comparison of expression profiles, identification of novel expression during metamorphosis, and sequencing of a selected cDNA. Since the brain ultimately controls almost all endocrine axes, these procedures should also be applied to this complex structure at the same times in the life cycle. This is a "needle-in-the-hay stack" approach to developmental endocrinology but one which may prove to be very rewarding. A more direct approach that we are using is to describe the sequence of the promoter region of the gene for lamprin, the structural protein comprising the extracellular matrix of many lamprey cartilages (Robson et al., 1993) . During metamorphosis, there is an upregulation of synthesis of this protein in cartilage formation within the developing oral disc and the tongue-like piston (Armstrong et al., 1987) . The identification of consensus sequences, such as a thyroid hormone response element or another hormone response element, might lead us to the endocrine factor which stimulates or represses certain genes.
REFLECTIONS: LAMPREY METAMORPHOSIS AND THYROID HORMONES
Although modern lampreys have had a long time to change from their ancestral conditions of ontogenetic development, the present view is that lamprey evolution has been conservative Janvier, 1993, 1994) . That is, what we observe today in lamprey structure and life history is probably close to what was present at least 350 million years ago. For example, the retention of the endostyle in larvae may reflect this conservation of ancient structures, for this iodine-binding organ is found in some modern-day protochordates whose ancestors were also present at the same time as the earliest agnathans. As noted earlier in this review, and also recently discussed by Eales (1997) , the thyroid-related functions of the earliest vertebrates may have relied on an exogenous source of thyroid hormones and/or iodocompounds, rather than carrying out endogenous thyroid hormone production. However, it is noteworthy that hagfishes, the other extant agnathan, do not have a metamorphosis and their thyroid gland is follicular. Present-day lampreys are believed to have arisen from lamprey-like ancestors who appeared about 200 million years after the first vertebrates, whereas the hagfish, is believed to have a direct descendency from the 550 million year-old vertebrate ancestors. The differences in their life history and consequently in the ontogeny of their thyroid glands are examples that are used to emphasize how different lampreys and hagfishes are from one another (Hardisty, 1979 (Hardisty, , 1982 and also how long it is since they diverged in their evolutionary histories Janvier, 1993, 1994) . Although it is not a goal of this essay to consider the rationale for the retention (or acquisition) of metamorphosis as a developmental strategy in lampreys, it is a difficult subject to avoid when one is discussing lamprey thyroidology.
The reason lampreys have a metamorphosis is because they have a larval period, i.e., they must undergo a metamorphosis before they can reproduce. The larval period permits lampreys to extend their life, for once they have committed to metamorphosis, the animal is programmed to reproduce (with or without feeding) and then die. Although there seems to be little flexibility in the duration of adulthood, the length of larval life is dependent on environmental conditions and physiological preparation. It has been suggested that the present tendency among modern-day lampreys is to extend larval life and this trend is best illustrated among the nonparasitic species, which in turn are believed to be derived from a parasitic ancestor. During this larval life, lampreys gradually acquire serum concentrations of thyroid hormones which are among the highest recorded in any vertebrate (Lintlop and Youson, 1983a) . It is now clear that the persistence of larval life is dependent on the animal maintaining these high serum levels of thyroid hormones. This speaks to the high efficiency of both the endostyle for the production of the prohormone T 4 and the 5' monodeiodination pathway which is responsible for the conversion of the prohormone to the biologically active T 3 . The blood also has remarkable capacity for storage of thyroid hormones, yet we do not know the identity of thyroid hormone-binding protein in the blood or even if such a protein is required. It is likely no accident of nature that the T 4 to T 3 conversion through the T 4 ORD pathway takes place in the intestine of larval lampreys, for the endostylar lumen is continuous with that of the intestine. Thus T 4 and perhaps T 3 or even thyroglobulin may be secreted, much like as in an exocrine gland, into the lumen of the alimentary canal and digestion and/or absorption of one or all of these endostylar products takes place through the activity of the intestinal epithelial cells. That this mechanism is possible in lampreys is supported by evidence that thyroglobulin produced by the endostyle of protochordates is secreted into the lumen of the alimentary canal and T 4 is converted to T 3 in the intestine (Fredriksson et al., 1993) . Since serum T 4 levels are high in larvae, and muscle, kidney and, to a small degree, liver possess 5'-monodeiodinase activity, it is most likely that not all newly absorbed T 4 or thyroglobulin is converted to T 3 in the intestine. However, the similarity of the mechanism of peripheral regulation of thyroid hormones in these two diverse members of Phylum Chordata, i.e., protochordates and lampreys, is striking and is a further reflection on the conserved evolution of lampreys in terms of their thyroid system. It also may be of relevance that many of these protochordates with an endostyle also have a metamorphosis in their life cycle.
In larval lampreys, T 3 seems to function, among other things, as a hormone which may be antagonistic or inhibitory to the initiation of metamorphosis. In this way T 3 operates as a juvenile hormone, much like juvenile hormone in insects (Riddiford and Truman, 1994; Tobe et al, 1994; Gilbert et al., 1996; Riddiford, 1996) . That is, as long as T 3 (the juvenile hormone) is present in high quantities, metamorphosis will not take place in lampreys. In insects, the copora allata produces the juvenile hormone but production is inhibited by factors, allatostatins, external to this gland. The removal of juvenile hormone from the developmental sequence in insects gives ecdysteroids, a hormone produced in the prothoracic gland and involved in larval molting, the opportunity to initiate the metamorphic process. It is noteworthy that this inhibition of juvenile hormone production takes place when the animals reach a critical size (Riddiford and Truman, 1994) . To date there is no knowledge of an allatostatin equivalent in lampreys or anything similar to ecdysone, which, in the presence of juvenile hormone, in insects is responsible for molting during normal larval growth. However, ecdysone, is a member of a list of ligands in the nuclear receptor superfamily along with many vertebrate corticosteroids, gonadal steroids, vitamin D, retinoic acid, and in particular, T 3 (Mangelsdorf et al., 1995) . There have been many attempts to compare 454 JOHN H. YOUSON the events of the interaction between prolactin and T 3 in amphibian metamorphosis (and now also flounder metamorphosis, Inui et al. y 1994) with that between juvenile hormone and ecdysone (Riddiford and Truman, 1994) . Present evidence indicates that hormone interaction in lamprey metamorphosis runs counter to that in these other animal groups. Like ecdysone and T 3 in insects and amphibians, respectively, T 3 in lampreys probably plays some role in larval growth. Similar to the situation in tadpoles there is a rise in serum T 3 levels during lamprey larval life. However, this rise does not initiate any change associated with a metamorphosis. The latter only takes place when the T 3 is dramatically lessened in the serum of the developing larvae when a critical size is reached.
The question is whether there is in lampreys an "endostylarstatin" which would inhibit the production of T 4 (and T 3 ) and which would ultimately lead to the reduction in the amount of T 4 available for peripheral conversion to T 3 . Perhaps there is a factor which temporarily produces a stasis in monodeiodinase activity or one which stimulates the elimination of thyroid hormones through either the digestive or urinary systems. If elimination of thyroid hormones from the body is a possible explanation for decline in serum levels of thyroid hormones, it may occur at the time feeding ceases and it must be rapid. Later on in metamorphosis the immense changes in the alimentary canal would preclude any possibility of this organ operating in transport of thyroid hormones from the endostyle for elimination. Whatever the method is for reduction in serum levels of T 3 , the decline would remove its juvenilizing influence on the larvae.
Following in the pattern which has been shown for insects, amphibians, and flounders, one would expect, in lampreys, another hormone to take the place of the juvenile hormone, in this case, to supplant T 3 as the dominant hormone. In light of the fact that T 3 seems to be operating as the antimetamorphic hormone in lampreys, one is lead to a guess that prolactin might be the hormone which is most likely aligned with the metamorphic process. However, our limited experimental evidence seems to temporarily rule this hormone out as a candidate. Corticosteroids and/or gonadosteroids are other possibilities. Of these two, gonadosteroids or even a direct GnRH stimulation from the hypothalamic-preoptic area of the brain (Youson and Sower, 1991; Youson et ah, 1995a) are the strongest possibilities of hormones which might affect metamorphic change. At this present date, we have no candidate hormone and there may not be any other hormone in lampreys which acts like an ecdysone in insects or a T 3 in amphibians and flounders. The endogenous cue to initiation of lamprey metamorphosis may be very subtle. The trigger may be more closely related to the shifts in biochemical pathway that induces metamorphosis in protochordates (Berking and Walther, 1994) . For example, it is interesting that potassium and potassium-like ions can induce metamorphosis in hydrozoans, presumably by depolarizing membranes (Freeman and Ridgway, 1990) . It should be recalled that KC1O 4 (or perhaps the K + ?) induces metamorphosis in lampreys. What is clear from our present studes on lampreys is that, when there is a finely tuned interaction of several prerequisites (Fig. 2) , spontaneous metamorphosis can occur. One of these prerequisites is thyroid hormone.
AN ANSWER: IS LAMPREY METAMORPHOSIS REGULATED BY THYROID HORMONES?
In the title of this review, the question was proposed: Is lamprey metamorphosis regulated by thyroid hormones? According to one source 3 , the verb "to regulate" has multiple meanings but, in the context of biology, can be denned as: 1. to direct, manage or control according to rules or principles; 2. to adjust to accurate operation or set right. When thyroid hormones are considered as regulating lamprey metamorphosis in either of these two meanings of the word, it is clear that presently we have not sufficient evidence to answer an unqualified yes to this question. Although an answer of "uncertain," because of no evidence, would be most appropriate for definition #1, we could say "yes," but with mostly indirect evidence, using definition #2. However, an answer to the question," Are thyroid hormones involved in lamprey metamorphosis?", would bring an answer of an "unqualified yes", because there is much evidence. This evidence has been provided in detail in the preceding pages and is summarized here. 1. There is drop in serum levels of both T 4 and T 3 as a characteristic feature of spontaneous metamorphosis. 2. Precocious metamorphosis is induced by the administration of a goitrogen, KC1O 4 , to animals which do not meet the fine-tuned requirements of animals about to enter spontaneous metamorphosis. 3. KC1O 4 treatment causes a drop in the serum levels of thyroid hormone which mimics the situation in early stages of induced metamorphosis. 4. The fact that T 4 or T 3 treatment can block KC1O 4 induced metamorphosis and T 3 treatment can inhibit spontaneous metamorphosis in lampreys, suggests that thyroid hormones, but mainly T 3 , may operate as a juvenile hormone. 5. Thyroid hormones are probably essential to developmental processes during lamprey metamorphosis, for any manipulation of the serum status of both T 4 and T 3 at this time results in abnormal development. 6. There is a shift in monodeiodinase pathways between larval and adult life in lampreys that may account for the decline in serum levels of the hormone at the beginning of their metamorphosis. 7. A reduction in the capacity of T 3 nuclear receptors in hepatocytes following lamprey larval life may reflect the importance of this hormone to the larval phases of growth and metamorphosis.
CONCLUSION
Lamprey metamorphosis is unlike any other vertebrate metamorphosis in that thyroid hormones appear to be antagonistic (inhibitory) to the process. However, there is still a possibility of a cascade of events from the brain (hypothalamus) to target-tissue receptors which parallel those in thyroid hormone-stimulated metamorphosis in other vertebrates. Thyroid hormones are likely involved as part of an integrated process of events in lamprey metamorphosis but it seems that there is some deviation from the typical thyroidal cascade of hypothalamus (thyrotropin-releasing hormone)-pituitary (thyroid stimulating hormone)-thyroid (thyroid hormone) which is characteristic of metamorphosis in anuran amphibians (Galton, 1988; Kaltenbach, 1996) In searching for any parallel to the lamprey situation among vertebrates one is drawn to discussions of paedomorphosis (metamorphic failure) in amphibians. Some of the life history strategies among paedomorphic amphibians can be explained by the varied response of genes to thyroid hormone stimulation and/or to environmental factors (Shaffer and Voss, 1996) . In some species of salamanders which do not respond to T 4 obligate paedomorphosis has evolved due to changes further down the thyroidal cascade, in particular those events which deal with T 4 monodeiodinase activity, TRs or thyroid hormone-receptor affinity. Lampreys are not neotenous (Vladykov, 1985) , but it has been suggested that control of thyroid hormones in lamprey may only be at the level of the monodeiodinase pathways . In addition, in some species of salamanders with facultative paedomorphosis, response to metamorphose is varied and involves some environmental stimulus (Shaffer and Voss, 1996) . Not all lampreys of similar length within a population undergo metamorphosis at the same time but those with the appropriate weight and length respond to the annual postwinter rise in water temperature by entering metamorphosis and triggering a drop in serum levels of thyroid hormones. Lampreys seem to have a facultative life history response in late larval life and, like facultative paedomorphosis in amphibians (Schaffer and Voss, 1996) , this metamorphosis may have a polygenic basis. Matsuda (1987) had the view that changing environmental factors act upon known physiological processes to create new regulatory genetic changes. These regulatory genetic changes might lead to an abnormal metamorphosis. On the other hand, it should be noted that many anuran amphibians can respond to environmental stresses and undergo a normal but precocious metamorphosis (Denver, 1997) . Matsuda (1987) found the drop in serum levels of thyroid hormones at lamprey metamorphosis intriguing and, in some ways, support for his view. It is not that lampreys have an abnormal metamorphosis, although we have evidence that heterochrony at metamorphosis can lead to an alternate life history type in at least one lamprey population (Youson and Beamish, 1991) . The present view of endocrine and environmental cues in lamprey metamorphosis may be a reflection of the method of regulation of this late stage of ontogeny which was used by ancestral lampreys. The persistence of the endostyle in larvae may be support for this view of conservation. Alternatively, the degree of plasticity in the timing of metamorphosis which does exist among living lampreys leads one to think that the present features of lamprey metamorphosis are a manifestation of many changes which have occurred over the 350 million years of lamprey evolution. However, it cannot be denied that metamorphosis in lampreys is unique in the sense of thyroid hormone involvement in a vertebrate which undergoes a complete first (true) metamorphosis.
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